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Abstract

Basically there are two approaches of modeling and
simulating complex systems composed of subsys-
tems. Approach A is based on established simulation
tools of the respective domain in order to conduct a
co-simulation by tool-coupling. Approach B consists
of modeling the whole system in only one suitable
language like Modelica. Using approach A the exist-
ing software and the in-house and external expert
know-how can be applied. Approach B has signifi-
cant advantages because of the description of the
complete system in one standardized and open lan-
guage like Modelica and employing an efficient
simulation environment such as Dymola. When
simulation environments which support approach B
are coupled with existing software based on ap-
proach A, the advantages of both approaches can be
utilized. Considering for example the simulation of a
passenger compartment, the feasibility of a coupling
of Modelica/Dymola, Flowmaster2, Simulink and
THESEUS-FE as well as different utility programs is
demonstrated in this presentation.

Keywords: co-simulation; tool coupling; middle-
ware; TISC

1 Simulation of thermal systems in an
automotive environment

When simulating a vehicle, its thermodynamic sub-
systems like engine, engine-cooling system, oil cool-
ing, air conditioning cycle, HVAC unit and passen-
ger compartment are connected with each other es-
pecially by fluid- and heat-flows. In order to describe
the thermodynamic behavior of the complete system,
the models of the subsystems have to be coupled us-
ing the variables heat flow rate, mass flow rate, tem-
perature and pressure and if necessary other, non-
thermal variables like motor rotation speed. It makes

sense to choose the bested suited simulation tool for
each subsystem. The following list gives a fragmen-
tary overview of tools that may be used for the re-
spective problems:

Air conditioning cycle Modelica-Dymola

HVAC unit CFD / Simulink

Passenger compartment CFD / THESEUS-FE
Cooling cycle Flowmaster2 / KULI
Oil cooling Flowmaster2 / KULI

In the literature, several different approaches are pre-
sented for describing the complete system. The ap-
proaches range from simple couplings of simulation
tools over a co-simulation with different simulation
programs to modeling the whole system in one soft-
ware environment [1], [2].

Figure 1 shows the typical current state of simulation
tool coupling in the area of automotive thermal sys-
tems. For transferring CFD-information to a 1d-
simulation program files are used in most cases [3].
In case of a bidirectional coupling this approach has
limitations especially concerning synchronization.
When only two programs are coupled, different
techniques for tool integration like DLLs or commu-
nication channels through COM or CORBA can be
employed. As Figure 1 shows, using pair-oriented
software coupling quickly meets its limitations. The
number of pair-oriented interfaces increases greatly
with every integrated tool. Without a standardization
and control of the tool-coupling, this technique will
be difficult to use. An appropriate synchronization
seems to be hard to introduce. Additionally, the im-
plementation and maintenance of the numerous inter-
faces involves high costs (see [4]).
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Figure 1: Exemplary current state of tool coupling of
simulation programs and HIL-applications

It follows from the above, that the coupling tech-
nique for simulation programs must be standardized.
The following chapter describes a possible way for
this. Afterwards an alternative way describing the
thermal behavior of a vehicle holistically is pre-
sented.

2 Coupling of simulation tools

As pointed out in Chapter 1, special coupling soft-
ware (middleware) should be employed when simul-
taneously coupling more than two programs (see
Figure 2). The middleware provides the systematic
coupling of the different simulation programs and
takes care of the synchronized data communication.
In difference to the pair-oriented technique from
Chapter 1, only one interface is needed for every
program when using a middleware concept.

CORBA, MPI,
Sockets, etc.
Flowmaster2 Dymola Fluent
2 2 A
v A v
Middleware
7\ 7\ 2
v v A
LabVIEW Simulink KULI

cle electronics. EXITE’s data exchange is based on
CORBA for normal and MPI for HIL applications.
In the field of thermal management Puntigam [1]
describes the middleware of the VIF in Graz. This
software relies on CORBA and has numerical means
for coupling the differential equations of the coupled
programs. The MPI based middleware MpCCI [6]
provides a solution for coupling 3D programs.
MpCCI aims at mesh-mesh-coupling. At the present
date MpCCI support only the coupling of two appli-
cations at one time.

The configuration displayed in Figure 2 is currently
not realizable with any of the described middleware.
Due to the need of a short-term availability and spe-
cial demands concerning the data synchronization
and platform independent data exchange, the mid-
dleware TISC was developed.

TISC allows platform independent exchange of com-
mands (strings), floating point numbers (double) and
integers as scalar values as well as vectors and
matrices. The data exchange is realized through
sockets. As Figure 3 shows, TISC consists of a
server and the respective clients, which are inte-
grated into the coupled programs. For this integra-
tion, interfaces are available in C, C++, C# and
FORTRAN. A connection over COM is also sup-
ported and used for example for Flowmaster2 and
KULL

ring commands, integer, doubles as scalar-,
vector- or matrix-values

¢ Sockets (Windows, Linux, Unix) for transfer-

Flowmaster2 Dymola Fluent

@ Tisc-server

LabVIEW KULI

Simulink

Figure 3: Coupling of simulation tools and data acquisi-
tion software with TISC

TISC-integrations are currently available for the fol-
lowing programs:

e Flowmaster2 e Modelica/Dymola

Figure 2: Coupling of simulation tools and data acquisi-
tion software through a middleware

A typical middleware is for example the program
EXITE [5], which is widely used in the field of vehi-

e Fluent e StarCD
e KULI e THESEUS-FE
e L abVIEW ® Trnsys

e Matlab/Simulink
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The following interfaces are currently under devel-
opment:

® Ansys e Excel
e CFX e COM

Furthermore utility programs exist for visualizing the
exchanged data. TIM — the TISC Information Moni-
tor — receives and saves all data sent by the coupled
programs. The StateViewer displays a pressure-
enthalpy-diagram at run time of the co-simulation or
the measurement. A special client for controlling the
next time increment (if the coupled programs allow
this) and for coupling the variables numerically effi-
cient is in development (see [1]).

2.1 Advantages of coupling simulation tools

When coupling simulation tools with a middleware,
several advantages arise besides from the saving of
time. Employing a middleware for the simulation of
the complete system allows the utilization of present
expert knowledge which is bound to existing soft-
ware. Using this knowledge can speed up integrating
the examination of the complete vehicle into the pro-
duct development process. Beyond this, the best tool
can be chosen for describing each subsystem. By
using a standardized definition of the interface
variables, the single simulation tools can be easily
exchanged (compare Figure 4). Even if the approach
of using a unified language for building the models
is used, it can make sense to couple sub models with
a middleware to decouple the time Steps of the sol-
ver.

2.2 Arising problems

Besides the mentioned advantages, there are also
drawbacks to consider. Since events have to be trig-
gered to exchange the data between the simulation
tools, the solvers of those programs have to be
stopped and restarted at every exchange time. Since
the received variables show a discrete behavior, this
restart can become difficult. Further on numerical
oscillations can occur, when the interdependence of
the coupled variables is very high. To reduce these
effects, interpolation methods are currently explored
in order to convert the discrete behavior of the re-
ceived variables into a continuous one or to achieve
a pseudo multistep integration method.

3 Unified simulation with Modelica

An alternative way to the coupling of simulation
tools is describing the complete system including all

subsystems in one unified programming language
and mathematics. In the following it is assumed that
the subsystems and therefore the complete system
can be described by hybrid systems of differential
equation (ADE-systems). A hybrid ADE-systems
consists of the following three equation types:

1. Ordinary differential equations (ODE) with the
respective differential variables whose deriva-
tives explicitly appear in the system of equa-
tions.

2. Linear and non-linear ordinary algebraic equa-
tions (OAE) with the respective algebraic vari-
ables.

3. Event equations with the respective discrete
variables whose values can only be changed at
an event. The corresponding simulation tech-
nique is highly developed in digital electronics.
Because of the combination with the continuous
ADE-system it is referred to as hybrid ADE-
system.

By assembling the sub models to the complete ther-
mal system, a big hybrid ADE-system is created
which can be solved with appropriate numerical
techniques. Methods for coupling partial differential
equations like FEM or finite volume methods form a
separate technique. From the authors point of view
this technique can not be integrated into the ADE-
systems by a standardized description with a unified
programming language at this time. Coupling using
co-simulation seems to make sense in this case.

The thermal models for engine, engine cooling cycle,
oil cooling, air conditioning cycle, HVAC unit and
passenger compartment can be described using hy-
brid ADE-systems. Highly developed computer lan-
guages have been developed for this purpose. Be-
sides VHDL-AMS [7] which is mainly used in the
field of electronics, the language Modelica [8, 9] is
currently widely propagated. The language Modelica
is developed by the non-profit Modelica Association
with the goal to describe hybrid ADE-systems from
diverse physical and engineering domains. Already
numerous commercial and non-commercial libraries
are available. For example the AirConditioning li-
brary [10] is being used by the A.K.2.4.3 of the
German OEMs with participation of Audi, BMW,
DaimlerChrysler and Volkswagen for unified steady
state and transient simulation of air conditioning cy-
cles. In this context the OEMs require the suppliers
previous to the project assignment to build the re-
spective component models in the language Mode-
lica [11].

The physical equations are set up in the component
models. The transformation of the equations as well
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as the numerical solution is left to the used working
environment. With means of object-oriented model-
ing, component libraries can easily be built up. De-
fining standard interfaces for the components allow a
simple model exchange.

At the moment, Dymola is the most powerful simu-
lation environment which supports the language
Modelica [12]. Other simulators like Mosilab [13],
Amesim [14] and SimulationX [15] are being ex-
tended to also support Modelica. The free working
environment OpenModelica can be employed for a
subset of simulation problems [16].

The open and unified programming language allows
an optimal communication and standardization be-
tween departments and suppliers. By using the ob-
ject-oriented techniques of Modelica, the work in
teams is eased. Extending and reusing existing mod-
els of the component library is also eased. A substan-
tial training of the employees is necessary, because
otherwise the object-oriented design can easily cause
the opposite effect. Because of the open language the
sustained realization of the own expert knowledge is
possible with less dependence of software companies
and engineering service providers. By employing the
right numerical and object-oriented techniques,
shorted times for method development and calcula-
tion can be achieved. Furthermore the goal of a
working environment providing the pre-processing,
simulation and post-processing of the complete sys-
tem can be reached more quickly.

In order to profit from the mentioned advantages and
the benefits of a co-simulation — and to be capable of
working without a complete Modelica model library
— it makes sense to combine a co-simulation with a
unified programming language.

4 Example: Passenger compartment

The tool-coupling using TISC is demonstrated for a
simulation of the cool down of a passenger com-
partment. Figure 4 shows the programs participating
in the co-simulation. The central element of the co-
simulation is the TISC-server to which every pro-
gram connects via its interface, the so called TISC-
client.

The passenger compartment is being simulated with
THESEUS-FE [17]. The model has been provided by
P+Z Engineering and describes a British sedan in-
cluding the driver.

The compartment is being cooled by an R134a air
conditioning cycle built in Modelica using the Air-
Conditioning library.

A PID-controller assembled in Matlab/Simulink
tunes the temperature within the compartment.

Using TLK’s utility program StateViewer, the ph-
diagram for the air conditioning cycle can be dis-
played while simulating. The TISC Information
Monitor — short TIM — logs all data exchanged be-
tween the different programs over TISC.

Modelica/Dymola
(Air conditioning)

° TISC-Server

! l

THESEUS-FE Simulink
(Passenger (Temperature
Compartment) controller)

Figure 4: TISC-setup for co-simulation example

As Figure 4 shows, the single programs are not con-
nected among each other but only with the TISC-
server. During initialization the simulation tools reg-
ister the variables they are sending and receiving at
the server. The data exchange and synchronization
during the simulation is handled by the server. By
using this communication setup, an exchange of the
simulation tools can be easily arranged — as long as
the exchanged tools send and receive the same vari-
ables, the other tools’ configurations do not have to
be altered. For example, the model of the passenger
compartment could be changed this way to describe
a different vehicle.

Figure 5 lists the variables sent and received by the
simulations tools for the co-simulation.

Sends Receives
Dymola Output evaporator Input evaporator
(T, mdot) (T, mdot)
Relative displacement
Simulink Relative displacement | Signal of temperature
sensor
THESEUS-FE | Input evaporator Output evaporator
(T, mdot) (T, mdot)
Signal of temperature
sensor

Figure 5: Variables exchanged in co-simulation

The Modelica-model describing the air conditioning
cycle is shown in Figure 6. The TISC-interface is
integrated as a single block into the example
“OrificeTubeCycle” of the AirConditioning library.
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Figure 6: Modelica model in Dymola for co-simulation
example

The TISC-block is a composition of single blocks for
the different functions of the tool coupling. These are

e Creating an event when data needs to be ex-
changed

e Managing the connection to the TISC-server
e Sending variables
e Synchronizing with the TISC-server

e Receiving variables

Figure 7 shows the internal composition of the TISC-

4>

outPort1

block from Figure 6.

Trigger

Inter...
inPort1

>

inPort2

V

inPort3

\
Conne...
"desc...

outPort2

outPort3

Figure 7: Internal composition of TISC-block

The block sends three variables to the TISC-server
and receives three variables from it. Every block in

the assembly stands for one function. A trigger token
is passed from one block to the next one to assure the
correct execution sequence of the blocks. The token
is created in the “Trigger”-block every time the vari-
ables need to be exchanged. The sequence shown in
Figure 7 is:

Create Trigger-token

Manage connection to TISC-server
Send three variables

Synchronize

A

Receive three variables

Every block sending or receiving a variable allows
the user to specify an offset and a factor. By doing
so, unit conversions between the coupled programs
can easily be conducted.

Figure 8 shows the passenger compartment at the
beginning of the cool down co-simulation. The initial
conditions are calculated with a heat soak simulation
with one hour of solar irradiation at 1000 W/m?.

Figure 8: THESEUS-FE result at simulation start

The temperature distribution in the passenger com-
partment after the coupled cool-down simulation of
2400 s duration is shown in Figure 9.

Figure 9: THESEUS-FE result at simulation end
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5 Conclusion

When simulation tools supporting the approach of a
unified programming language are coupled with ex-
isting software using a middleware, the advantages
of both approaches can be utilized. Using co-
simulation, established programs and the respective
knowledge can still be used and combined with stan-
dardized code replacing non-satisfying software or
describing new functionality.

In the process of moving to a unified language, co-
simulation can make sense as the first steps. In the
presented example, the temperature controller mod-
elled in Simulink can be replaced by one modelled in
Modelica. The next step of integrating the controller
in the air conditioning system is not far. Only the co-
simulation of models with extremely different 3d
approaches like the passenger compartment using the
finite element method in THESEUS-FE or the 0d
and 1d simulation of the air conditioning cycle in
Modelica can hardly be replaced. Even if all models
are described in one language, a co-simulation can
still be employed i.e. to decouple systems with dif-
ferent time constants.

To allow the definition of company- and tool-
spanning interfaces for co-simulation that ensure the
numerical and physical compatibility, techniques for
example from the CapeOpen standard [18] could be
used as suggestions. The CapeOpen standard is
commonly used in the field of process engineering
and describes the coupling of partial hybrid ADE-
systems. However this mathematically very ambi-
tious method has no practical application yet.

Concluding we like to thank P+Z Engineering for
providing the model used in the shown example and
for the help in developing the TISC-interface for
THESEUS-FE.
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